The Pilosocereus aurisetus complex consists of eight cactus species with a fragmented distribution associated to xeric enclaves within the Cerrado biome in eastern South America. The phylogeny of these species is incompletely resolved, and this instability complicates evolutionary analyses. Previous analyses based on both plastid and microsatellite markers suggested that this complex contained species with inherent phylogeographic structure, which was attributed to recent diversification and recurring range shifts. However, limitations of the molecular markers used in these analyses prevented some questions from being properly addressed. In order to better understand the relationship among these species and make a preliminary assessment of the genetic structure within them, we developed anonymous nuclear loci from pyrosequencing data of 40 individuals from four species in the P. aurisetus complex. The data obtained from these loci were used to identify genetic clusters within species, and to investigate the phylogenetic relationship among these inferred clusters using a species tree methodology. Coupled with a palaeodistributional modelling, our results reveal a deep phylogenetic and climatic disjunction between two geographic lineages. Our results highlight the importance of sampling more regions from the genome to gain better insights on the evolution of species with an intricate evolutionary history. The methodology used here provides a feasible approach to develop numerous genealogical molecular markers throughout the genome for non-model species. These data provide a more robust hypothesis for the relationship among the lineages of the P. aurisetus complex.
a b s t r a c t
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Introduction
The limitations of using one or a few genes to assess phylogenetic/phylogeographic relationships and demographic history of species is extensively documented (Edwards and Beerli, 2000; Edwards, 2009; Andrew et al., 2013) , and the use of datasets consisting of sequence data from multiple genomic regions can improve inferences by accounting for the stochasticity in the coalescent process (Knowles and Maddison, 2002; Knowles, 2009; Carstens et al., 2013) .
The development of molecular markers in non-model species has been facilitated in recent years by new sequencing technologies, which make it possible to quickly develop genomic datasets (Glenn, 2011; Lemmon and Lemmon, 2013; Garrick et al., 2015) . Moreover, these new strategies allow for simultaneous marker development and polymorphism genotyping, and these large datasets are useful to study recent species radiations (McCormack et al., 2012) . Only a few studies in the Cactaceae have collected data from nuclear genes, and/or microsatellites (Edwards et al., 2005; Majure et al., 2012; Ritz et al., 2012; Franck et al., 2013; Bonatelli et al., 2014) , while the majority of molecular systematics in this family has relied on plastid DNA (Nyffeler and Eggli, 2010 and references therein; Ritz et al., 2007; Arakaki et al., 2011; Hernández-Hernán dez et al., 2011 , 2014 Calvente et al., 2011) .
The Pilosocereus aurisetus complex, which consists of eight columnar cactus species associated exclusively with the rocky savannas in eastern Brazil, has been defined on the basis of morphological characters (Zappi, 1994; Taylor and Zappi, 2004; Hunt et al., 2006) . The P. aurisetus complex has two species with broad distributions, P. aurisetus in southeastern Brazil, along the Espinhaço Mountain Range, and P. machrisii, with populations scattered in central and southeastern Brazil. The species P. jauruensis and P. vilaboensis are narrowly distributed, with populations located in mountains from central-western Brazil. Four species (P. parvus, P. pusillibaccatus, P. aureispinus and P. bohlei) have a single or very few known populations, located in the borders of the complex distribution (Fig. 2) . Species within this complex are differentiated from each other by several lines of evidence: on the basis of their geographic ranges, by vegetative and reproductive morphological characters, principally the plant habit, number of ribs, spination patterns, flower color, ovary locules, as well as a number of seed and fruit characteristics (Hunt et al., 2006) . Taxonomy in these species has not been stable; several described species have been synonymized in recent years because they exhibit considerable intraspecific polymorphism, and there remains overlapping morphologic variation in the interspecific level (Zappi, 1994) , a characteristic common for the Cactaceae family (Gibson and Nobel, 1986) . In addition, the taxonomy is similarly complex in other co-distributed taxa, particularly in plants such as Vellozia (Barbosa et al., 2012) and orchids (Antonelli et al., 2010) , which has prompted authors to attribute these patterns to population expansion and retraction events, coupled with secondary contact.
Previous studies in the Pilosocereus aurisetus complex using allozymes (Moraes et al., 2005) , as well as microsatellites, cpDNA sequences, and a nuclear gene (Bonatelli et al., 2014) , suggest that the diversification is very recent, paralleling the observed pattern for the entire Cactaceae family (Arakaki et al., 2011; Hernández-Hernández et al., 2011) . Due to low resolution in these genetic markers, these studies were not able to recover some of the relationships between the observed lineages. Specifically, these studies uncovered the existence of the two distinct lineages in the widely distributed species P. machrisii, but failed to indisputably recover the population composition of each lineage, and its relationships with the other species of the complex (Moraes et al., 2005; Bonatelli et al., 2014) . It was also not possible to assess the relationship of the P. aurisetus northern populations, which were recovered as distinct from the other conspecific populations, and showed distinct clustering patterns with cpDNA and microsatellite data. Furthermore, the species P. jauruensis that shows the westernmost distribution of the complex, was more related to P. vilaboensis populations in central Brazil for the nuclear gene PhyC, but also showed a closer relationship to the southern P. machrisii populations in the cpDNA data (Bonatelli et al., 2014) . Therefore, the development and validation of polymorphic nuclear markers for the Pilosocereus genus represents an intriguing strategy to address the limitations of previous studies. Moreover, integrating molecular data with methods for estimating climatic niches from current occurrence data can also be useful to assess the phylogeographic history of these species. Recent advances in this field have allowed researchers to compare niches of different lineages (Zellmer et al., 2012; Joly et al., 2014) , as well as address several ecological questions, such as defining biogeographical hypothesis (Carnaval and Moritz, 2008; Collevatti et al., 2012) .
The work presented here is intended to address specific questions about the diversification of P. aurisetus complex: (1) Are the northern P. aurisetus populations more related to the other conspecific populations in the Espinhaço Mountain range or to population from other species in Central Brazil, as shown by cpDNA data? (2) Is the currently recognized P. machrisii species composed of two distinct lineages? (3) What is the relationship of P. jauruensis with the other species of the complex? To answer these specific questions, we recovered the main structure and a species tree for the populations of the P. aurisetus complex using the developed anonymous nuclear markers (Thomson et al., 2010) . Further, we also tested climatic niche differences between the observed geographic lineages.
Methods

Library preparation and pyrosequencing
Amplicon genomic libraries were prepared for 40 Pilosocereus samples from 4 species belonging to the P. aurisetus species group and from P. gounellei species, a species belonging to a distinct subgenus (Gounellea Zappi) of P. aurisetus which was used as an outgroup (Table 1 ). This subset of species was selected because they have the widest distributions, and showed more complex and unresolved phylogenetic relationships in a previous work (Bonatelli et al., 2014) . We followed the AFLP protocol from Vos et al. (1995) , with modifications for pyrosequencing developed by other authors (McCormack et al., 2012; Zellmer et al., 2012) . Briefly, we extracted total DNA using the Qiagen DNeasy Plant Mini Kit (Qiagen, Hilden, Germany), these extractions were then purified using Zymo Genomic DNA Clean & Concentrator Kit (Zymo Research, Irvine, CA, USA). We digested and ligated adaptors to 250 ng of DNA in a 11 lL reaction containing 1.1 lL T4 ligase buffer, 1.1 lL of 0.5 mM NaCl, 5 U EcoRI, 5 U MseI, 0.55 lL of 1 lg/lL BSA, 5 U T4 ligase and 1.0 lL of 10 lM of MseI and EcoRI adaptors (Vos et al., 1995) . We then amplified the fragments in a 20 lL PCR reaction with 10 lL of digest-ligation reaction diluted 10X, 5.4 lL water, 2 lL of 25 mM MgCl 2 , 2 lL of 10X buffer, 0.4 lL of 10 mM dNTPs, 0.06 lL of 100 lM concentration adaptor-specific primer (MseI: 5 0 GATGAGTCCTGAGTAA and EcoRI: 5 0 GACTGCGTAC-CAATTC), and 0.08 lL of 5 U/lL Phusion high-fidelity Taq (New England Biosciences, Ipswich, MA, USA). The conditions of the PCR reactions were 2 min at 72°C; followed by 15 cycles of 98°C for 30 s, 56°C for 30 s, and 72°C for 2 min; followed by 72°C for 10 min. The PCR products were visualized individually on an 
Bioinformatic analysis
The package pyRAD (Eaton, 2014 ) was used to process sequence reads and identify variable loci across the P. aurisetus species and populations. Details of the filtering steps are available in Perez et al. (in press: Table 1 ). In order to validate the results and minimize the amount of missing data, primers were developed for the obtained loci (Table 3 in Perez et al., in press ). These primers were designed at positions of the flanking regions without observable nucleotide variation in the obtained sample. PCR reactions were carried out in a total volume of 25 lL, containing 1X Sigma Buffer, 10 mM dNTPs, 10 lM of each primer, 0.2 U of Sigma Taq Polymerase and 1 lL of genomic DNA, with the following thermocycler conditions: 94°C for 2 min; 35 cycles of 94°C for 30 s, specific Tm (Table 1) for 30 s, 72°C for 30 s; 72°C for 2 min. All sequencing reactions were performed in Macrogen Inc. (Seoul, South Korea) facility. The resulting loci were quality-controlled for recombination using the DSS method (McGuire and Wright, 2000) as implemented in the software package TOPALi v2 (Milne et al., 2009) . We also tried to detect loci under selection using Tajima's D, Fu and Li's D ⁄ and F ⁄ in DNAsp (Librado and Rozas, 2009 ).
Population structure
Sequences were reduced to alleles by hand prior to genetic clustering analysis. The Bayesian analysis implemented in STRUCTURE 2.3.4 (Pritchard et al., 2000) was performed to infer the most likely number of interbreeding groups (K) in our dataset (excluding the outgroup) without prior information on the sampling sites for each sample. Five independent runs for each K from 1 to 9 (the total number of population + 1) were performed. For each simulation, 2 000 000 interactions were performed, with the initial 500 000 discarded as burn-in. Because the dataset contains more than one population from P. aurisetus and P. machrisii species, the correlated allele frequencies and linkage model was utilized. DISTRUCT v1.1 (Rosenberg, 2004) was used to provide a graphical representation of the STRUCTURE results. The most likely K was determined with the following criteria: (1) stability in the clustering patterns of different runs for the same K; (2) smaller value of K after which the posterior probability values reach a plateau (Pritchard et al., 2000) ; (3) DK statistics (Evanno et al., 2005) ; (4) absence of ''virtual" groupings, that is, groups containing only individuals with genomes scattered in more than one cluster.
Species tree
Once groups were identified using STRUCTURE, we treated these as operational taxonomic units (OTUs) and estimated a species tree using BEAST 2 (Bouckaert et al., 2014) . We performed this analysis using a Yule speciation prior, with the most likely model of sequence evolution obtained in jModeltest2 (Darriba et al., 2012) . We used either a strict or a relaxed lognormal clock at each locus, selected after comparing the marginal likelihoods of runs using each model with a Path Sampling analysis with 8 steps and 500 000 generation after a 50% burn-in. The species tree was obtained after two independent runs of 100 000 000 MCMC generations each, with a 10% burn-in, and sampling trees every 5000 steps.
Climatic Niche Modelling
Species occurrence data was obtained by GPS measurements during field trips across the range of the complex, and also by available occurrences from Global Biodiversity Information Facility (GBIF http://www.gbif.org/). The later were manually inspected to verify that the specific locality was reasonable based on the known distribution of each taxon. The sample sizes were generally small for each species, reflecting the relative rarity and range restriction of the species of this complex: P. aurisetus 51, P. machrisii 34, P. vilaboensis 5, P. jauruensis 7. Because the occurrence data were relatively sparse, overfitting was unlikely. In order to test climatic divergence, in addition to the genetic differences observed, we grouped the occurrences according to the main genetic lineages recovered in the analyzes described above. To test the effects of past climatic oscillations on the niche of each lineage, we fitted the models in present, 21 kya (LGM), and 120 kya (LIG) scenarios using three different algorithms: GARP, Support Vector Machines (SVM hereon) and neural networks implemented in OpenModeller (Muñoz et al., 2011) , and the Maximum Entropy algorithm, implemented in Maxent 3.3.3 (Phillips et al., 2006) . We selected six bioclimatic variables (temperature seasonality, mean temperature of warmest quarter, precipitation of wettest month, precipitation of wettest quarter, precipitation of warmest quarter, precipitation of coldest quarter) that showed low correlation and high informativeness after a jackknife procedure on the 19 BIOCLIM variables downloaded from the WorldClim data set (Hijmans et al., 2005) . We used the data delimited for South America region with a 2.5 arc-min. To identify suitable areas for each period (Present, LGM and LIG), we converted the continuous outputs into presence/absence maps by selecting threshold values at which sensitivity (proportion of true positive predictions versus number of actual positives) is equal to specificity (proportion of true negative predictions versus number of actual negatives), and then overlapped the four presence/absence projections for each spatial definition. Suitable areas were defined with overlap of at least three projections. We also defined the climatic stable areas, which were established for the overlapping stable areas during the three periods (Fig. 3) .
Results
Pyrosequencing
The two Pyrosequencing runs resulted in 2 282 266 sequences with 483 bp average length. After quality controlling the reads using FASTX-toolkit (http://hannonlab.cshl.edu/fastx_toolkit/), 1 471 135 high quality (90% with Q P 20) barcoded sequences with more than 100 base pairs were retained. We recovered a mean of 892 loci per individual, and then clustered loci from different individuals, resulting in a total of 223 loci occurring in at least 10 individuals. Those loci were 461.74 base pairs in average, with a mean of 9.17 SNPs per locus. After a manual inspection following the guidelines proposed by Hird et al. (2011) , loci with no variation and potential paralogs were removed based on the amount of variation between and within individuals. After this proceeding, we observed 36 loci present in all populations. Blastn searches in those loci resulted in 4 of them matching cpDNA sequences, 3 matching sequences on the mtDNA, 2 similar to retrotransposon sequences, and 13 sequences with significant similarity with plant nuclear genomes. All loci that matched cytoplasmatic sequences (cp and mtDNA) and retrotransposons were discarded, resulting in 26 loci in all populations sampled. Primers for these 26 loci showed specific amplification in at least one sample, but one marker was discarded from further analysis owing to amplification and sequencing problems in the outgroup. In order to improve analysis relying on population parameters, Sanger sequencing reactions were obtained for 117 sequences (containing both strands), selected to assure data for at least two individuals for each locus.
After combining sequences from both Sanger and pyrosequencing for the 25 loci, a total of 687 sequences over 40 individuals were obtained (Supplementary Table in Perez et al., in press) , with a total of 367 SNPs. The analysis of recombination did not suggest any significant results, and selection was not detected for any locus (Table 3 in Perez et al., in press ).
Population structure
STRUCTURE results suggested a main population structure in five groups (K = 5), but Evanno's statistics also showed a peak for K = 3 and K = 7, indicating hierarchical population structure. Considering K = 5 (Fig. 1) , each sampling locality was allocated in a single group, except for the two P. aurisetus localities (GMO and MEN), and for a group clustering three localities sampled in central Brazil (group GO), two of them from P. machrisii (APA and CRI) and one from P. vilaboensis (PIR).
Species tree
The species tree analyzes were conducted using the sequence evolution and clock models recovered for each marker (Table S2 ). 1.6 , and a Maximum Clade Credibility (MCC) tree was generated in TreeAnotator (Drummond and Rambaut, 2007) , by combining the trees from the two runs. The obtained MCC tree suggested that two main geographic lineages (Fig. 2) with high support (PP = 1) are present. The first lineage (SE) was distributed in the southeastern part of the P. aurisetus complex known occurrence, and contained the P. aurisetus species OTU (MEN and GMO) and the P. machrisii population DEL. The second main lineage (NW) was composed by the STRUCTURE's group GO, as well as ART from P. machrisii, and RVE from P. jauruensis, all of them located in the northwest part of the species complex distribution (Fig. 2) . All branches within these main clades are highly supported, except for the one that unites ART and GO, which has a posterior probability of 0.65. This low support apparently results from differences in the gene trees topologies (Fig. 1) ; this is a common feature in species trees (McCormack et al., 2011) .
Climatic Niche Modelling
The climatic niche distributions estimated for each of the two main geographic lineages (SE and NW) in the species tree (Figs. 3  and 4) show a very small overlap across all the three time periods (Present, LGM and LIG). Furthermore, the niche overlap was even smaller when the stable areas were considered (Fig. 3) . Taken as a whole, the climatic niche does not appear to have changed dramatically over the three time periods considered here, suggesting that the distributions of the two lineages have not been severely affected by range shifts.
Discussion
The development and sequencing of a set of anonymous nuclear loci in the recently diverged species from the P. aurisetus complex allowed us to assess the phylogeographic patterns and to address questions raised in previous studies that used classical markers with limited resolution (Moraes et al., 2005; Bonatelli et al., 2014) . While in most cases, the increased resolution provided by these data affords a more developed view of the recent evolutionary history in this clade, in some cases the results contradict those from earlier investigations. We explore each in turn.
Our analyses identify two well-differentiated groups within the morphologically defined P. machrisii species. One of these forms a clade with southern populations of P. aurisetus, while two northern P. machrisii populations form a clade with the remaining species (Fig. 1) . Pilosocereus machrisii is the most widely distributed species in the P. aurisetus complex (Zappi, 1994; Fig. 2) , and its taxonomic boundaries have been recently reviewed. As a result of this review, some local populations have been raised to the species status Dashed line split the main clades recovered by the species tree. All occurrence points used in the Climatic Niche Modelling analyzes are shown with white symbols. Black symbols represent species from the P. aurisetus complex that were not analyzed in the study. (Hunt et al., 2006) , while other studies have suggested more unrecognized variation is present within this taxon (Moraes et al., 2005; Bonatelli et al., 2014) . Our results obtained suggest that the taxonomy of the P. aurisetus complex, which was developed solely on the basis of morphological characters, is incomplete. For example, P. machrisii southern samples cluster with those from P. aurisetus, while northern P. machrisii localities apparently share a close relationship with P. vilaboensis, a result previously suggested by allozyme markers (Moraes et al., 2005) . Moreover, P. jauruensis is closely related to the central Brazil populations, but not related to the southern populations of P. machrisii, as suggested by microsatellites and cpDNA (Bonatelli et al., 2014) . The multilocus sequence data presented appear to offer greater resolution of the relationships within this complex. In one notable case, results presented here are in conflict with previous work on this group. A previous analysis of plastid data (Bonatelli et al., 2014) suggested that northern and southern P. aurisetus populations are genetically isolated, but this finding is not supported by analysis of the nuclear dataset (Fig. 1) , where both northern and southern P. aurisetus populations are included in a single cluster by the STRUCTURE analysis (Fig. 1) . Bonatelli et al. (2014) additionally detected a geographic overlap between cpDNA lineages from northern P. aurisetus and the other central-northern populations of the P. aurisetus complex and interpreted this as evidence of secondary contact. However, the results presented here do not support the secondary contact hypothesis. The different patterns seen between the two datasets could be attributed to a number of causes: (i) incomplete lineage sorting of the cpDNA variation, (ii) to introgression events that might have affected the cpDNA genome of northern P. aurisetus populations, or (iii) to differences in inheritance patterns of these markers. There is no information on the plastid inheritance pattern for Pilosocereus, but the results gathered here, and in a previous work from our group (Bonatelli et al., 2014) points to a stronger structure in plastid compared to the nuclear markers. Therefore, we suspect that the dispersal pattern of the cytoplasmic markers might have a maternal inheritance. Pollination and dispersal in these species are poorly known, but it has been suggested that hummingbirds and bats are important pollen vectors (Zappi, 1994; Rodrigues and Rodrigues, 2014) , and that pollen can disperse farther than seeds (Zappi, 1994) .
An important aspect of our study is the potential increase in resolution afforded by the anonymous nuclear markers. In species with very recent diversification, like the P. aurisetus complex (Bonatelli et al., 2014) , such markers allow us to obtain more resolved results in our phylogeographic inferences. In order to
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LGM -20 kya Present Stable Areas S N Fig. 3 . Estimated climatic niche for the two main lineages (NW and SE) recovered in the species tree analysis. Maps are shown for each of the three periods tested (Present, LGM and LIG) and for the stable area, recovered in all periods. Fig. 4 . Comparison of the plastid (partial trnT-trnL and trnS-trnG data from Bonatelli et al., 2014) and the combined multilocus datasets. (a) Maximum Clade Credibility trees for the species tree analysis in the nuclear data (left) and for a BEAST phylogenetic analysis with a relaxed lognormal clock in the plastid data (right). Posterior probabilities are shown in each branch of the tree, and populations are color coded according to the STRUCTURE results in Fig. 1. (b) Comparison of the divergence time (Mya) between the two main lineages (NW and SE), estimated by setting them as monophyletic and calculating the time to the Most Recent Common Ancestor (TMRCA) using BEAST for the plastid dataset (gray curve) and the combined multilocus dataset, including the plastid data (black curve). Because of the lack of substitution rates for the nuclear markers developed, we estimated relative rates to the plastid marker, by using a prior distribution including the minimum and maximum substitution rates observed in the chloroplast sequences of angiosperms (Wolfe et al., 1987) . explicitly show how the use of multiple markers can improve the resolution of our phylogeographic insights, we contrasted the phylogenetic inferences and divergence time estimates from our dataset and those from cpDNA (Fig. 4) . Our results showed different topologies between the phylogenetic trees, with the plastid tree showing a low resolution in several branches, and with the multilocus data showing a more resolved estimate of divergence times for the two main groups obtained, with a much narrower HPD95% (Table S3 , Fig. 4) . Furthermore, by including a distantly related species in our marker development approach (P. gounellei, belonging to a distinct subgenus of P. aurisetus species), we believe that the set of anonymous nuclear loci described here can be applied across the Pilosocereus genus.
The two deeply diverged lineages observed here were split in the STRUCTURE analysis, recovered in different main clades in the species tree, and showed different climatic requirements for the three periods tested (Figs. 1 and 3) . The time estimate for the splitting of these two main clades, calculated with the multilocus dataset, suggested an early Pleistocene (1.69 Mya, HPD 95% = 0.9131-1.766 Mya) divergence between the lineages. While divergence dating should be interpreted with caution, this estimate overlaps with previous estimates based solely on plastid markers (Table S3 ; Fig. 4) , as well as with the date presented by Bonatelli et al. (2014) . Taken in total, these results suggest that these two main groups have long been isolated. Similar results have been also observed in codistributed taxa, for example in frogs (Prado et al., 2012) , a group of snakes , and a rocky savanna plant (Collevatti et al., 2009) .
Taxonomic boundaries in the P. aurisetus complex should be reviewed in light of our results. However, we are opposed to making a formal taxonomic revision based on molecular data alone, without considering additional data sources, such as morphological features. In addition, our results should be treated with caution because we analyzed only a subset of the known taxonomic variation for the P. aurisetus complex. A more detailed analysis on the whole spectrum of morphological variation (Schaal et al., 1998) for these species, using other sources of data in an integrative framework , is warranted to provide a better taxonomic arrangement in the P. aurisetus complex.
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